In animal production systems (poultry, beef, and swine), current production, storage, and disposal techniques present a challenge to manage wastes to minimize the emissions of trace gases within relatively small geographical areas. Physical and chemical parameters were measured on primary and secondary lagoons on three different swine farming systems, three replicates each, in the Central Great Basin of the United States to determine ammonia (NH 3 ) emissions. Nutrient concentrations, lagoon water temperature, and micrometeorological data from these measurements were used with a published process model to calculate emissions. Annual cycling of emissions was determined in relation to climatic factors and wind speed was found the predominating factor when the lagoon temperatures were above about 3°C. Total NH 3 emissions increased in the order of smallest to largest: nursery, sow, and finisher farms. However, emissions on an animal basis increased from nursery animals being lowest to sow animals being highest. When emissions were compared to the amount of nitrogen (N) fed to the animals, NH 3 emissions from sows were lowest with emissions from finisher animals highest. Ammonia emissions were compared to similar farm production systems in the humid East of the United States and found to be similar for finisher animals but had much lower emissions than comparable humid East sow production. Published estimates of NH 3 emissions from lagoons ranged from 36 to 70% of feed input (no error range) compared to our emissions determined from a process model of 9.8% with an estimated range of 64%.
T HE INCREASED AWARENESS of the contribution of N compounds to the total deposition of pollutants is becoming more important in air and water quality and in global climate change. In animal production systems (poultry, beef, and swine), current production, storage, and disposal techniques present a challenge to manage wastes so as to minimize the emissions of each trace gas [NH 3 , nitrous oxide (N 2 O), methane (CH 4 ), and others] without impacting the combined emissions of the other gases. A portion of emitted NH 3 reacts with acidic gases including nitric (HNO 3 ), hydrochloric (HCl), and sulfuric acid (H 2 SO 4 ) present as aerosols, converting the NH 3 to NH 4 1 salt particles. With significant contributions of available acid gases from industry and transportation, their neutralization with NH 3 forms particulates that may create hazes, which are not easily dry-deposited and can be transported over long distance before they are removed by precipitation (wet deposition) (Asman et al., 1998) . Thus, animal production enterprises, along with the industry and transportation sectors, can become part of an airshed impacting very distant ecosystems.
Early USDA estimates (Hatfield et al., 1993) suggested that 89 to 90% of the N inputs to anaerobic lagoons in confined animal feeding operations (CAFOs) were lost to the atmosphere. These suggested NH 3 emissions represented about 60% of the total feed N input. Current estimates by the USEPA (2004) and by the state of North Carolina (Doorn et al., 2002) suggest that 71 and 36% of the N going into CAFOs is volatilized as NH 3 gas, respectively. However, other studies in the North Carolina and Georgia Coastal Plains region of the United States (Harper and Sharpe, 1998; Harper et al., 2000) have shown that lagoons emit significantly less NH 3 than previously thought. Harper et al. (2004) found that only about 7.5% of N entering into a swine production operation as feed left the lagoon as NH 3 . They found another 7.3% was emitted as NH 3 from the production houses and another 2% from field application of waste effluent to nearby crops . Much of the N (about 43% of input feed) that entered into the lagoon was found to be denitrified to N 2 (Harper and Sharpe, 1998; Harper et al., 2000 Harper et al., , 2004 by microbial and/or chemical denitrification.
To evaluate the effect of animal concentrations on the region's ecosystems, emissions type and amounts must be accurately evaluated from these systems. Emission factors currently in use, developed mainly from data of Northern Europe (Battye et al., 1994) , are variable and questionable for use in the semiarid Great Basin of the United States. [The U.S. emission factors were developed from Northern European emission factors (Asman, 1992) ; however, a conversion error by Battye et al. for swine resulted in the U.S. factors developed being too large by about a factor of two (Asman, personal communication, 2000) .] Seasonal variations are also inconsistent and must be properly considered when calculating annual emissions. Consequently, emission factors must be used with caution because of variability induced by geography and meteorology, methodology for measurement (Denmead and Raupach, 1993; Harper, 2005) , type and weight of animals (Harper and Sharpe, 1998) , N content of feedstuffs, housing and management, and other factors.
Even emissions and emission factors determined from the same lagoon at the same time using different technologies have shown considerable variation. On a swine farm in the Coastal Plains of North Carolina, several studies of NH 3 emissions were performed during the same period. It is interesting that for the same lagoon, the NH 3 estimates using floating chambers (Aneja et al., 1999) and a Gausian dispersion model (McColloch, 1999) are similar but considerably larger, by 1.9 times, than the microclimate studies by Harper et al. (2004) . Also, as part of this study, researchers using tracer techniques (Todd et al., 2001 ) obtained annual emissions 4.0 times higher than microclimate techniques. [For a discussion of probable causes of emissions determinations discrepancies between the different techniques, see Denmead and Raupach (1993) , Harper (1988 ), or Harper (2005 .] For that farm, a total farm N balance by Harper et al. (2004) of individually measured components accounted for about 95% of the feed input N. Larger estimates of NH 3 emissions suggested by some reports would result in more N leaving the farm [as animal N plus volatile N gases (NH 3 1 N 2 O 1 N 2 )] than as feed N entering the farm.
To obtain realistic emissions in relation to variable climatic and management conditions where animal production occurs, specialized equipment and transport technology is required. Recent non-interference measurements have been made (Harper and Sharpe, 1998; Harper et al., 2000 Harper et al., , 2004 in the Southeastern Coastal Plains area of the United States in three types of production systems and with varied seasonal emissions. These measurements showed widely variable rates as would be expected with different lagoon characteristics and climatic conditions. Because lagoons are difficult to measure, requiring specialized equipment and appropriate atmospheric transport technology, a statistical model (Harper et al., 2004) based on lagoon ammonium (NH 4 1 ) content, temperature, and pH, along with wind speed, explained 78% of the variability in emissions. Also, a process model (De Visscher et al., 2002) , based also on the same physical and chemical factors, as used above, was developed. The objective of this process model development was to have a research tool that was transferable to other regions. The statistical model is location-specific and has limitations. Also, input physical and chemical parameters outside the ranges of the statistical model development would produce questionable results. The process model predicted emissions, as measured by micrometeorological techniques, with an accuracy explaining 70% of the variability of the data using average daily input values. The process model more reliably predicted measured emissions than the statistical model, which generally underestimated emissions. Use of the U.S., humid-Southeast, location-specific model in the semiarid West would be questionable, thus the process model was used for calculating emissions.
The purpose of this research was to calculate lagoon NH 3 emissions from lagoons receiving swine feeding operation waste. Measurements of the necessary chemical and physical factors were made to calculate emissions with the process model. The model was used to reduce the expense of determining emissions on the large number of lagoons for an extended period of time.
MATERIALS AND METHODS
The model of De Visscher et al. (2002) was used to estimate NH 3 emissions from the lagoons. The process model provided a more suitable technique for estimating emissions because it should have wide geographical and management applicability compared to the region-specific model of Harper et al. (2004) . Processes in the model leading to emission estimations included the determination of the total free ammoniacal nitrogen [AN] (NH 3 1 NH 4 1 ) in the lagoon liquid as well as the dissociation of NH 3 from suspended organic material. The emission of NH 3 is modeled as a two-film model where the NH 3 diffuses from the bulk liquid to the air-water interface through a thin boundary layer, evaporates, and diffuses to the bulk air through a gaseous boundary layer, each layer being characterized by a transfer coefficient. By combining Henry's law with the diffusion relationships and the mass-transfer coefficient in the boundary layer (derived from a relationship of wind speed measured at a specified height), a process relationship from NH 3 emission was derived which should be geographically widely acceptable. [An electronic copy of the mathematical model may be obtained from L.A. Harper (lharper@uga.edu) or A. De Visscher (alex.devisscher@rug.ac. be).] The model-simulated emissions, as compared to noninterference micrometeorological measurement of Harper et al. (2000 Harper et al. ( , 2004 , gave an accuracy of 70% of the data variability using average daily emissions and 50% of the data variability using 4-h average data. The higher accuracy with average daily input values is probably due to the reduction of stochastic variability of the 4-h data. The process model did not show increased accuracy over the above statistical models, but the deviations between model calculations and actual NH 3 emission measurements were distributed more evenly in the case of the process model. More detailed discussion of model development is available in De Visscher et al. (2002) .
Three representative types of production farms with three individual farms per production type were selected in the overall operation. The nine production sites with primary and secondary waste storage lagoons in each site were instrumented resulting in 18 instrumented lagoons. Necessary information for determining emission factors and emissions per feed input was provided by the host management. Table 1 provides information on farm type, lagoon type, lagoon area, effluent characteristics, animal numbers, and live weights.
Temperature measurement in each of the lagoons was accomplished using small temperature recorders (HOBO underwater data logger; Onset, Bourne, MA), which stored data collected at 10-min intervals for 1 mo. Data were downloaded regularly and processed into continuous files for each lagoon. Nutrient samples were collected from the water-air surface layers on a monthly basis. The samples were collected in the top 2 cm of the surface into plastic sample bottles (in duplicate) in three locations, frozen immediately after collection, and stored until sufficient samples were obtained for analysis (normally 1 mo). Three samples were sufficient as the lagoons were well-mixed horizontally due to wind-shear at the water-air interface. Nutrient analyses included NH 4 1 -N and pH (for a description of analysis procedures see Harper et al., 2000) . Micrometeorological measurements were made with a portable meteorological station that sampled air temperature, wind speed, and wind direction at a 2-m height. Data were sampled at 15-min intervals and collected every 2 wk and processed into continuous files for each lagoon along with the lagoon temperature data. Occasional missing wind speed data were obtained from a nearby airport meteorological station located about 18 km from the research site. Comparison of wind speeds suggested that site wind speeds and airport wind speeds were not significantly different for long-term (daily) average wind speeds. In total, about 3 mo of airport data were used due to site equipment malfunction. Data were averaged into monthly values for emissions evaluation. All 18 lagoon data sets were compiled into a single data set for determinations of annual emissions, emission factors, and emissions as a percentage of feed N.
RESULTS AND DISCUSSION
Monthly average emissions varied in all production farm types (sow, nursery, and finisher) on an annual cycle Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
( Fig. 1A ) with higher emissions during the summer and autumn. However, the autumn emissions were higher in 2001 than 2000 due to much higher wind speeds. Figures 1B  and 1C give typical examples of annual cycling of meteorological and production variables. Table 1 gives a comparison of animal and lagoon characteristics between farms.
Animal wastes were removed from the each of the animal houses on a weekly basis from the below-floor containment (often called the ''pull-plug'' system). With six units in the building, one unit was emptied each day making the waste input into the lagoon reasonably continuous. The liquid waste was processed in the primary lagoon, but an overflow secondary lagoon was available for periods when the primary lagoon became full. Ammonium concentrations in the primary lagoons were higher than in the secondary lagoons since only effluent (at the primary lagoon surface) entered the secondary lagoon with little of the animal waste which would decompose providing additional NH 4 1 to offset volatilized NH 3 and perhaps some biological and/or chemical denitrification (Harper et al., 2000 (Harper et al., , 2004 . The pH values of the secondary lagoons were higher than primary lagoons possibly due to higher organic N in primary than in the secondary lagoons. Also, the lack of waste processing in the secondary lagoon would cause the secondary lagoons to have a higher pH because of reduced CO 2 production. Furthermore, there was little methanogenesis in the secondary lagoons, which may have an acidifying effect as a result of the Gibbs free energy change of the oxidation reaction of NH 4 1 to N 2 (Harper et al., 2004) :
where a (the fractional contribution of the alkaline form of NH 4 1 ) and (1 2 a) (the fractional contribution of the acid form) are given by
, with K being the protolytic constant (5.5 3 10 210 ) (see Harper et al., 2004) . Ammonium concentrations varied between farms' lagoons as a result of differences in waste loading rates, with the finisher farm lagoons almost twice as concentrated as the sow farms.
There was little difference in pH between all the farmtype lagoons even though there were significant differences in waste loading rates. This can be explained by the buffer systems that exist in the lagoons such as ammonium bicarbonate (NH 4 HCO 3 ) (Vlek and Craswell, 1981) . For example, an NH 4 HCO 3 buffer composed of equal moles of NH 4 1 and bicarbonate (HCO 3 2 ) in distilled water results in a pH (7.7) near the average pH (8.0) of the lagoons. A mass-balance calculation using the dissociation constants of carbonic acid (H 2 CO 3 ) and the NH 4 1 ion predicts nearly the same pH (7.8). When the calculation is repeated with more HCO 3 2 than NH 4 1 , a pH of 8 is predicted. Other buffer systems also exist in the lagoons (H 2 PO 4 2 /HPO 4 22 , pH 5 7.2 and NH 4 1 /NH 3, pH 5 9.2) that have maximum buffering capacity near the pH of the lagoons, which would also stabilize the pH and make them resistant to pH change. There was variability in calculated emissions between lagoons (Table 2) . Since the primary lagoons were the main processing facilities and the secondary lagoons were mainly overflow facilities, the primary lagoon emissions for each farm type were quite constant because of steady-state input from the houses and biological processing in the lagoons. The three primary lagoons' emissions had a combined average standard deviation of about 15% of the mean. The secondary lagoons' emissions were quite variable since some of the lagoons were dry and emitted no gases; furthermore, those secondary lagoons with effluent had little organic matter addition and consequently little processing. In the sow secondary lagoons, the emissions were highly variable since one lagoon had very high emissions and one had zero emissions. Since all the operations were designed to be similar, effluent in the secondary lagoons was a singular management factor. None of the nursery farms had effluent in the secondary lagoons and one finisher farm had no effluent in the secondary lagoon. Similar to the sow and nursery farms, the finisher operations emissions from the secondary lagoons were approximately 10% of the primary lagoon emissions.
Measured NH 3 emission factors for lagoons have been reported by Harper et al. (2001) Reproduced from Journal of Environmental Quality. Published by ASA, CSSA, and SSSA. All copyrights reserved.
factors were obtained using appropriate non-interference techniques. Our emission factors per animal, developed from the process model of De Visscher et al. (2002) at the Central Great Basin site, ranged from 0.31 for nursery farms to 1.94 and 2.97 kg NH 3 -N animal 21 yr 21 for sow and finisher farms, respectively. A composite emission factor will not be presented for this site because of the inappropriateness of combining different stage animals into a single factor. Emissions or emission factors may be expressed on a total farm emission, on a peranimal, on a per-unit weight, or on an animal-unit basis (AU, animal unit based on an animal weight of 500 kg). Table 3 gives an example of the confusion and/or possible error of expressing emissions on different bases. When emissions are compared on a per-animal basis, emissions from production animals (sows) discharge the largest emissions. However, when compared on a weight basis, sows emit only a fraction of the emissions of the nursery or finisher animals. Perhaps the most appropriate method for expression of emissions is as a percentage of feed N provided to the animals. When expressed as a percentage of feed input, sow farms emit the least and the finisher farms emit the largest amount of NH 3 from lagoons. Many factors result in differences in comparative emissions (including feed conversion, surface area of the lagoons, etc.) between production animal types, and the average of individual composite emissions cannot be used to develop a total system composite emission factor.
The accuracy of the emissions determinations using this process model depends on model error, input error, and parameter error (Loague and Corwin, 1996) . Earlier verification of this model showed an overall uncertainty of 30% (De Visscher et al., 2002) . Variance of spatial measurements within lagoons was small due to wind shear causing spatial mixing. Spatial sampling (plus analysis) variability within the lagoons for NH 4 1 ranged from 10 to 15% with pH variability of less than 1%. Lagoon temperature spatial variability was found to be less than Table 2 . Ammonia emissions and emissions factors for a swine feeding operation. Emissions were determined from a process model by De Visscher et al. (2002) . Table 3 . Ammonium emissions, emissions factors, and emissions as percent of feed input for an animal feeding operation. Emissions were determined from the process model of De Visscher et al. (2002) . 5%. Wind speed was measured in the general vicinity of the lagoons and since the terrain and vegetation was uniform, daily average wind speed error over the lagoons was assumed to be the same as the measurement error (about 1%). There was an emissions replication variability between lagoons for 12 mo of 30, 7, and 11% for the sow, nursery, and finisher farm primary lagoons, respectively, by the De Visscher model.
Monte Carlo analysis is a stochastic technique for characterizing the uncertainty in model simulations (Loague and Corwin, 1996) . The uncertainty of this model due to input error was evaluated using Monte Carlo simulations using the variance of each input parameter for the emission determinations. The analysis considers each model input parameter to be a random variable with a probability density function and is based on a large number of realizations. Monte Carlo simulations (1000 simulations) using sampling (and chemical analysis) variability within lagoons as identified above showed an estimated variance of 11%. Similarly, simulations were run including both spatial uncertainty within lagoons plus between lagoons on an annual basis. Monte Carlo analysis suggested a combined annual variance of 16% with a monthly range of 15%. The input uncertainty represents about 53% of the total model error suggested by De Visscher et al. (2002) . Secondary lagoons were not included in the input variability estimates since many of the lagoons were dry, which would produce high variations when zero emissions were included.
While early emission estimates of lagoon emissions as a percentage of feed input by the USDA of 60% (Hatfield et al., 1993) , current estimates by the USEPA of 71% (USEPA, 2004) , and current estimates by the state of North Carolina of 36% (Doorn et al., 2002) do not provide error limits on their published emissions, we calculate the average model emissions for the three types of farms is 9.8% of feed input with an estimated variability of about 4%. [Note: approximately 30% of feed input in swine leaves as protein N (Hall et al., 1988; Jongbloed and Lenis, 1992) .] Harper et al. (2004) presented emissions as a percent of feed input from sow and finisher farms in the humid East (North Carolina). Finisher farms in the Central Great Basin were determined to emit 11.7% (Table 3) of feed input compared to 7.5% in the humid East. Because of the expected error due to model determinations and replication variability, there is no statistical difference between finisher emissions between the humid East and the semiarid West. Sow farms in the Central Great Basin were determined to emit 5.8% of feed input compared to 19.8% in the humid East. Emissions from nursery farms were 9.9% of feed input, but there were no comparable results in the humid East for comparison.
CONCLUSIONS
Physical and chemical factors were measured on primary and secondary lagoons on three production farm types, three replicates each, in the Central Great Basin of the United States to calculate NH 3 emissions from swine waste processing lagoons. Nutrient concentration, lagoon water temperature, and micrometeorological data were used with published process and statistical models to calculate emissions. Annual cycling of emissions was observed in relation to climatic factors with wind speed having the predominating effect when lagoon temperatures were above about 38C. Total NH 3 emissions increased in the order of smallest to largest: nursery, sow, and finisher farms. Emissions on an animal basis increased from nursery animals being lowest to sow animals being highest. When emissions were compared to the amount of N fed to the animals, NH 3 emissions from sows were lowest with emissions from finisher animals highest. Ammonia emissions were compared to similar farm production systems in the humid East of the United States and found to be not different for finisher animals but much lower than for comparable humid East sow production. Published estimates of NH 3 emissions from lagoons range from 36 to 70% of feed input to the operations (no error range) and compare very differently to our emissions determined from a process model of 9.8% with an estimated range of 64%.
